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Uniform deposition of YBa 2Cu3O7 thin films over an 8 inch diameter area
by a 90° off-axis sputtering technique
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The uniform deposition of YBa2Cu3O7 ~YBCO! thin films over an 8-in.-diam. area, using a
3-in.-diam. sputtering target and optimized substrate rotation in a single target 90° off-axis
sputtering technique, is reported. Two dimensional maps of the thickness profile of YBCO films
deposited on a stationary substrate have been obtained using surface profilometry. These thicknesses
were used in a computer simulation to predict which distance of the target from the center of the
substrate rotation will produce the maximum area with uniform thickness. The films deposited on
substrates mounted on a rotating arm displayed uniform thickness~,65% variation! and
composition~,2.3% deviation from the target stoichiometry! and a consistently high transition
temperature (Tc.87.5° K! and critical current density (Jc 4.2 K.23107 A/cm2) over an
8-in.-diam area. ©1996 American Institute of Physics.@S0003-6951~96!02551-X#
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Epitaxial thin films and heterostructures of oxide ma
rials have great potential for novel device applications
cause these materials exhibit an enormous range of elect
magnetic, and optical properties. Large area uniform fi
deposition is required to get reliable device performan
over the entire wafer and for efficient processing. Seve
techniques have been successfully used to grow various
ide thin films on small areas~<3 in. diam!, such as pulsed
laser deposition,1 metal organic chemical vapor depositio
~MOCVD!,2 cylindrical magnetron sputtering,3 on-axis dc
magnetron sputtering,4 90° off-axis sputtering,5,6 ion beam
sputtering,7 and multi gun off-axis sputtering.8,9 Recently,
Kinder et al.10 have used thermal reactive evaporation fro
elemental sources, in conjunction with a rotating disc hea
which allows intermittent deposition and oxidation in sp
tially separated zones, to deposit very large area~'9 in.
diam! YBCO films.

90° off-axis magnetron sputtering6,11 has been especiall
attractive and widely used for large area deposition of ox
thin films because of its simplicity and reproducibility. It ha
already been demonstrated that this process can produce
films with the smooth surfaces required for multilay
growth and device applications.6 This technique also uses
single composite target instead of multielemental sourc
which is a considerable advantage in heterostructure
multilayer deposition. However, the growth rate is relative
slow and acceptable thickness uniformity has been dem
strated only over 3-in.-diam areas.

In this letter, we present the results of very large a
deposition of YBCO thin films using a larger sputtering ta
get and optimized substrate rotation in a single target
off-axis sputtering technique. The film thickness distributi
that is obtained from a sputtering source is primarily dep
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dent upon the shape and size of the erosion zone of
target, which is annular shaped in planar magnetron spu
ing. It is thought that increasing the diameter of the eros
ring will cause more lateral spread of the flux. Hence, be
thickness uniformity should be obtained in the lateral dire
tion. Furthermore, due to a larger erosion zone area, th
should be an increase in the flux emitted from the tar
provided that the current density is kept constant. As a res
the growth rate should increase.

Figure 1 shows the 90° off-axis sputtering geometry a
the various reference axes on the substrate along which
variation in thickness, composition, and superconduct
properties were measured. TheX2X8 axis is the lateral axis
along which the distance from the target is fixed, and theY
2Y8 axis is the longitudinal axis along which the distan
from the target increases. We have mounted both a stan
2-in.-diam. and a larger 3-in.-diam. stoichiometric YBC
target on planar magnetron US8 Gun II sputter sources. All
the films were deposited at an operating pressure of
mTorr ~80% Ar/20% O2) while maintaining a constant dis
tanceh between the substrate and the edge of the target~Fig.
1!.

To maintain consistency in the experiments, both targ
were sputtered at the same rf power density. The shape
size of the erosion rings of the two targets were measu
after presputtering. The mean diameter of the erosion gro
of the 3 in. target was found to be 1.7 in. and that of the 2
target 1.1 in. As a result, we expected better uniformity
the lateral direction from the 3 in. target. The ratio of t
erosion areas of the 2 in. and the 3 in. targets was found t
1:1.8. Therefore, a rf power of 100 W was applied to the
in. target and 180 W to the 3 in. target.

YBCO films from both targets were deposited at roo
temperature on stationary 8 in. Si wafers. An Alpha Step 5
surface profiler was used to measure the thickness of
3911)/3911/3/$10.00 © 1996 American Institute of Physics
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films at every 0.25 in. in both theX2X8 andY2Y8 direc-
tions, as shown in Fig. 1. Thus, a two dimensional ar
consisting of about 900 measured thickness values was
tained which represented the complete map of the thickn
distribution over an 8 in. diameter area. The thickness of
films ranged from 1000 Å to 6000 Å.

The thickness profiles measured along two orthogo
directions—the lateral (X2X8) axis and the longitudina
(Y2Y8) axis—are shown in Fig. 2. The distribution alon
theX2X8 axis is bell shaped and symmetric about the lo
gitudinal axis because the ring shaped erosion zone is
symmetric about the same axis. Due to its larger eros
zone diameter, the thickness distribution obtained from th
in. target is more uniform than that obtained from the 2
target. Furthermore, the deposition rate obtained from th
in. target is about 33% higher than the rate from the 2
target.

The thickness of the film along theY–Y8 direction in-
creases across the substrate as the distance from the
increases until it reaches a peak value, beyond which
thickness decreases monotonically. This asymmetrical di
bution leads us to believe that rotating the substrate wo
expose every part of the substrate to a deposition rate a
theY2Y8 axis which alternates between being high and lo
Thus, the average over time should be a uniform thickn
over a large area of the substrate. To obtain the maxim
area with uniform thickness for a given target diameter,
optimum distance of the target from the center of subst
rotation needs to be identified. This was achieved usin
computer simulation which uses the two dimensional thi
ness profile data obtained on a stationary substrate to
duce the thickness distribution that would be obtained o
rotating substrate. The simulation uses an azimuthal ave
ing algorithm and iteratively solves for the optimum targ
distance. The program used a thickness uniformity requ
ment of65% to determine the area.

FIG. 1. The 90° off-axis sputtering geometry and the various reference
on the substrates across which thickness, composition andTc were mea-
sured.
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The thickness distribution predicted by the simulati
was confirmed in an experiment where the substrate
continuously rotated during deposition at a speed of 12 r
about the center of the wafer, as shown in Fig. 1. The thi
ness distribution obtained from the 3 in. target on a rotat
substrate is shown, in comparison with that on a station
substrate, in Fig. 2. A variation of less than65% in thick-
ness is obtained over the entire 8-in.-diam. substrate, in c
trast to the 1.3-in.-diam area obtained without substrate r
tion.

Furthermore, the average deposition rates obtained f
the 3-in.-diam. and 2-in.-diam. targets on rotating substra
were found to be 172 Å/h and 108 Å/h. This result clea
shows that the deposition rate as well as the thickness
formity can be scaled up by increasing the target diamete
90° off-axis sputtering.

The composition variation and stoichiometry of the film
deposited on both stationary and rotating substrates w
measured with Rutherford backscattering spectrosc
~RBS!. On stationary substrates, a maximum composit
variation of 3.2% along an 8 in. strip in theY2Y8 direction
was observed for films deposited from the 3 in. target. Alo
theY2Y8 axis, the films deposited from both the 2 in. and
in. targets displayed an increase in Ba content and decr
in Cu content as the distance from the target was increa

The films deposited from the 3 in. target onto a rotati
substrate displayed a maximum variation in composition
less than 2.5% over an 8-in.-diam area, as shown in Fig
The percentages mentioned here refer to the sum of Y,
and Cu content as 100%. The maximum deviation from
target stoichiometry was observed to be11.2% in Y,11.5%
in Ba, and22.2% in Cu.

The variation in superconducting transition temperat
and critical current density was measured as a function
substrate position with rotation. A 3-in.-diam. resistive su
strate heater mounted on a rotating arm was used to g
crystalline YBCO thin films at high temperature. The rad
distance of the heater from the center of rotation was

es

FIG. 2. Comparison of thickness profiles obtained from a 2 in. target and 3
in. target on a stationary substrate, along theY2Y8 axis. The thickness
profile obtained from the 3 in. target on a rotating substrate is superimp
for comparison. The inset shows a comparison of the thickness pro
along theX–X8 axis.
Rao et al.
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creased for successive runs until the entire 8-in.-diam. a
was studied. All the films for these studies were deposited
0.25 in.30.25 in. LaAlO3 substrates at 735 °C. The trans
tion temperature (Tc) of the films deposited from the 3-in.
diam. target was consistently high~.87.5 K! over a radial
distance of 4 in.~i.e., 8-in.-diam. area!, as shown in Fig. 4.
We believe that the variation in the transition temperature
a result of the variation in substrate temperature on the he
block and not a result of variation in composition.

The critical current density (Jc) of the films was mea-
sured by the dc magnetization method. The magnetizatio
the films was measured as a function of the applied field
the range of61 T in an Oxford Instruments MAGLAB vi-
brating sample magnetometer system. For films depos
from the 3 in. target over a 4 in. radial distance, theJc near
zero field at 4.2 K was consistently greater than
3107 A/cm2, as shown in Fig. 4~c!. It is expected that a
similar variation inTc and Jc will be obtained along any
radius of the 8-in.-diam. area because the variation of pr
erties on rotating substrates should be symmetric about
center of rotation. Thus, the variation over a 4 in. radial
distance is representative of the distribution over an 8-
diam. area.

The surface morphology of 1000-Å-thick films deposit
on LaAlO3 substrates, at different radial distances from
center of rotation was examined with an atomic force mic
scope~AFM!. All the films were scanned over a 2mm32
mm area in the contact mode. Typical growth spirals w
observed on the YBCO film indicating that the films gre
via a screw dislocation mediated growth. The root me
square surface roughness of the film varied between 46
134 Å over a 4 in. radial distance.

We have demonstrated the deposition of high qua
YBCO thin films by a 90° off-axis sputtering technique ov
very large areas~8 in. in diameter!. Complete two dimen-
sional mapping of the thickness distribution was obtain
from a 2-in.- and a 3-in.-diam. target in a 90° off-axis sp
tering geometry. As the diameter of the target is increa
better uniformity can be obtained at a higher growth ra
This is due to more lateral spread of the flux and the incre

FIG. 3. The variation in composition obtained from the 3 in. target o
rotating substrate. The composition of the target, shown in broken line
superimposed for comparison.
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in flux emitted from the larger erosion area of the target. T
optimum distance of the target from the center of substr
rotation can be predicted by the computer simulation for a
desired maximum variation in thickness. Hence, by decre
ing the area of optimization, the uniformity in thicknes
composition, and superconducting properties can be fur
improved. The results obtained here are technologically
portant because the same approach can also be applie
large area deposition of other oxide thin films.
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FIG. 4. Variation inTc and Jc at 4.2 K of 4000-Å-thick YBCO films
deposited from the 3 in. target as a function of the radial distance,r , from
the center of rotation. The bars represent the spread in the data obt
from the measurement of two samples at each value ofr .
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